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1.  Introduction  Chief,  Technical  Information  Division 

The  objective  of  this  research  is  the  basic  theoretical  investigation 
of  three-dimensional  pressure,  skin  friction  and  heat  transfer  disturbances 
in  both  laminar  and  turbulent  boundary  layer  flows  including  viscous-inviscid 
interaction  effects,  separation  and  reattachment.  A  sound  understanding  of 
these  phenomena  is  required  in  modem  aerodynamic  design  analyses  of  high 
speed  flight  vehicles. 

The  aforementioned  need  has  led  to  a  systematic  basic  research  effort 
treating  in  parallel  the  twin  problems  of  (1)  viscous-inviscid  interaction 
with  flow  separation  and/or  attachment  and  (2)  three-dimensional  effects 
(including  those  due  to  streamwise  vortices)  in  high  speed  laminar  and  turbu¬ 
lent  boundary  layer  flows  along  two-dimensional  and  axi -symmetric  bodies,  with 
emphasis  on  pressure  distribution,  skin  friction  and  heat  transfer  effects. 
Such  a  study  was  initiated  October  1,  1971,  and  has  continued  under  AFOSR 
support.  To  date,  it  has  been  very  successful  both  in  solving  a  number  of 
the  target  flow  problems  and  in  developing  new  ideas  and  tools  for  attacking 
new  aspects  of  (1)  and  (2).  This  report  summarizes  these  research  results. 


2.  Summary  of  Technical  Accomplishments 

A  new  theory  was  devised*  which  identified  and  described  the  cause  of 
the  pronounced  spanwise-periodlc  disturbances  observed  in  reattaching  separ¬ 
ated  flows  (see  Figure  1).  This  theory  was  subsequently  extended3  to  include 
surface  mass  transfer  effects  and  the  coupling  of  the  boundary  layer  distur¬ 
bances  and  adjacent  surface  material  thermal  and  ablative  response  of  the 
body  surface  (Figure  2).  Furthermore,  it  was  shown4  for  the  first  time  that 
a  similar  three-dimensional  phenomenon  can  occur  near  the  separation  line  of 
a  high  speed  boundary  layer  (Figure  3).  During  the  author's  Full bright- von 
Humboldt  Research  Fellowship  at  the  DFVLR-AVA  in  Gottingen,  West  Germany, 
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an  improved  theory  of  two-dimensional  separation  and  reattachment  regions  of 

5  6 

either  laminar  or  turbulent  flow  was  also  developed  *  to  determine  the  stream¬ 
line  angle  and  flow  curvature  therein,  both  of  which  are  very  important  to  the 
3-D  disturbance  study  (Figure  4).  These  separation-region  theories  were 
further  subjected  to  verifying  experimental  comparisons  with  data  (see  Figure  5) 
supplied  by  Professor  Bogdonoff's  group  at  Princeton11  with  whom  active  collab¬ 
oration  has  been  established.  In  parallel,  the  theoretical  study  of  reattach¬ 
ment-stagnation  region  3-D  vortices  was  refined  using  a  systematic  Inner-outer 
matched  asymptotic  analysis  approach  appropriate  to  finite-sized  bodies.  A 
very  careful  detailed  formulation  of  the  associated  boundary  value  problem 
for  the  case  of  a  cylinder  and  its  detailed  numerical  treatment  (which  also 
required  great  effort  and  care)  was  nearly  finished;  the  goal  was  to  predict  a 
unique  spanwise  wavelength  for  these  disturbances  as  experimentally  observed. 
Informal  collaboration  on  this  subject  was  established  with  Professors  Mark 
Morkovin  of  the  Illinois  Institute  of  Technology  (Figure  6)  and  W.  Sadeh  of 
Colorado  State  University. 

Turning  to  work  on  viscous-inviscid  interactions,  several  fruitful  devel¬ 
opments  occurred.  First,  a  new  turbulent  viscous-disturbance  sublayer  theory 
was  developed  as  the  inner  deck  of  a  generalized  non-asymptotic  triple-deck 
theory12  of  two-dimensional  turbulent  shock  interaction  problems  in  both 
transonic  and  supersonic  flows  (Figure  7).  This  theory  provides  a  much  Improved 
theoretical  account  of  the  skin  friction,  upstream  influence  and  displacement 
thickness  growth  In-  a  wide  variety  of  such  problems.  In  particular,  it  provides 
the  heretofore-missing  link  between  Llghthlll's  theory  for  lower  Reynolds 
numbers  and  modem  asymptotic  theory  pertaining  to  the  Infinite  Reynolds  number 
limit  (Figure  8).  Second,  somewhat  as  a  fortuitous  side  development,  some 
fundamental  studies1**1*  were  carried  out  on  how  vectored  suction  or  injection 
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through  the  surface  influences  laminar  boundary  layer  viscous-inviscid  flow 
properties;  one  of  the  major  results  was  the  discovery  of  some  new  branches 
of  the  family  of  self-similar  solutions  to  the  laminar  boundary  layer  equations. 
Third,  the  author  spent  three  months  (6/16-9/18)  as  a  visiting  researcher  at 
the  Princeton  University  Gas  Dynamics  Laboratory  for  the  purpose  of  developing 
a  basic  analytical  framework  for  certain  Princeton  experimental  studies  of 
three-dimensional  shock-boundary  layer  interactions.  Princeton's  experimental 
approach  offers  two  important  advantages  to  the  theoretician:  (a)  the  physical 
configurations  are  simple  geometries  offering  the 'best  opportunity  for  funda¬ 
mental  diagnosis;  (b)  the  measurements  involve  a  systematic  variation  of  the 
interaction  strength  over  a  wide  range  including  the  weaker  non-separating 
regime.  A  detailed  study  of  various  theses  and  papers  describing  their  results 
(plus  many  of  the  references  therein)  indicated  that  the  most  promising  problem 
for  initial  attack  was  the  sharp  vertical  fin  study  by  Oskam15  (Figure  8).  A 
mathematically  well-posed  analytical  model  of  this  3-D  turbulent  interaction 
f{*:«i  was  formulated  for  fin  deflection  angles  below  that  causing  separation, 
and  a  solution  approach  then  devised  using  operational  methods.  This  theory 

constitutes  a  three-dimensional  generalization  of  the  author's  aforementioned 

12 

non -asymptotic  turbulent  triple-deck  theory  for  2-D interactions.  In  Appendix 
A  we  show  some  of  the  essential  steps  involved  in  setting  up  the  solution 
approach  to  this  vertical  fin  problem,  based  on  illustrations  from  a  lecture 
presented  by  the  author  at  Princeton  in  September  1980.  Although  considerable 
detailed  work  Is  still  required  to  complete  the  solution,  the  sought-after 
foundation  was  established;  the  ultimate  results  are  expected  to  shed  valuable 
light  on  (among  other  things)  upstream  and  lateral  influence  properties,  skin 
friction  line  geometry  and  Incipient  separation,  and  deviations  from  cylindrical ly- 
symmetric  behavior. 
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3.  Summary  of  Publications  and  Presented  Papers  on  Behalf  of  This  Contract 
Overall  this  research  effort  produced  nine  major  papers  (Refs.  1,  3,  4, 


5,  6,  7,  12,  13,  14)  of  which  six  have  been  published  so  far  In  the  open 
literature  (Refs.  1,  3,  5,  6,  13,  14)  and  seven  were  presented  at  major  technical 
meetings  (Refs.  1,  3,  6,  7,  12,  13,  14). 

In  addition,  seminars  on  selected  aspects  of  the  research  were  presented 
at  various  times  throughout  the  contract  period  at  the  University  of  Colorado, 
Johns  Hopkins  University  Applied  Physics  Laboratory,  University  of  Arizona, 
Princeton  University  (as  a  Baetjer  Lecturer),  University  of  Delaware,  State 
University  of  New  York  at  Buffalo,  the  von  Karman  Institute  (Brussels),  Univer¬ 
sity  of  Trondheim  (Norway),  Universite  de  Poitiers  (France),  and  the  University 
of  Toronto  (at  the  1980  IUTAM  Meeting). 

4.  Educational  Impact  of  the  Research 

Various  phases  of  this  work  have  formed  the  graduate  training  of  three 
Ph.D.  students  (R.  C.  Swanson  and  T.  F.  Swean  of  VPI&SU  plus  M.  Namtu  of 
Romania)  and  two  M.S. -level  students  (K.  M.  Cho,  subsequent  Ph.D.  candidate 
at  Cornell  and  V.  Sonnad,  subsequent  Ph.D.  candidate  at  M.I.T.). 
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Figure  1.  Spanwise-Per  iodic  Disturbance-Vortices 
in  Reattaching  Shear  Flows  (Ref.  1) 
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4.  Separation-Neighborhood  Analysis  for  Two-Dimensional 
Laminar  or  Turbulent  Flows  (Ref.  6,7) 


Figure  5.  Experimental  Confirmation  of  Theoretically-Predicted 
Separation-Region  Vortices  (Ref.  11) 
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On  the  Question  of  Instabilities 
Upstream  of  Cylindrical  Bodies 
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The  rather  unconventional  views  presented  here  in  a  searching  spirit 
were  first  written  up  in  Hay  1976.  Eighteen  copies  of  that  report  were  circu¬ 
lated  in  the  United  States,  Europe,  and  Japan  to  elicit  critique  and  sugges¬ 
tions  and  to  provide  an  opportunity  for  private  prepublication  rebuttals  for 
those  whose  earlier  work  was  questioned  in  the  text.  The  present  report 
incorporates,  then,  not  only  the  information  and  views  from  publications  since 

1976  but  also  the  advice  and  comments  of  a  number  of  discussers,  in  particular 
Profs.  G.  Inger,  E.  Roshotko,  and  X.  Tani.  Figures  based  on  the  reviewed 
publications  are  explicitly  credited.  The  original  NASA  study  under  Grant 
N5G-1120  was.  guided,  with  understanding,  by  Ivan  Beckwith.  The  1979  revision 
was  supported  under  AFOSR  Contract  F49620-77-C-013  concerned  with  instabili¬ 
ties  and  transition  to  turbulence.  11 
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Figure  7.  Non-Asymptotic  Triple-Deck  Model  of  Shock-Turbulent 
Boundary  Layer  Interactions  (Ref.  12) 
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Figure  8.  Effect  of  Interactive  Turbulence  Parameter  T 
on  Inner  Deck  Properties  (from  Ref.  12) 


Appendix  A 


Details  of  the  3-D  Triple-Deck  Analysis  of  the 
Vertical  Fin  Shock-Boundary  Layer  Interaction  Problem 
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MimEtfCK  SOLUTION 


Attaxx :  Fourier  Y-tmmsmm  puicMct  by  Foufijge, 

■SlHE  T*4HSFi£M  oc 

$s(K*bl)s§  Von 

THis  y IBLhS  THE  VlSCfiUr  Sjj£W/£!l  **0SLBMl 

M  ||  % 

^ylj^  -  BOUNM*  Y  R££l+i  H  TEXHT-* 

FS,  &  *  <CTO^U> 

f*E*M  B6T7QM  OF  fililUE  tffC< 

$0^,4  «a, 


TOC  companion  UP-WasH  puoleh  is  : 


Solution  op  viscous  msturbancc 
FLOW  in  rue  INNER.  X&X 


